ABSTRACT
Coronary artery ectasia (CAE) is a wellrecognized angiographic finding, characterized by abnormal dilatation of the coronary arteries. We reviewed the current concepts of the condition including etiology, pathogenesis, flow alterations, clinical implications, prognosis and treatment. CAE is often viewed as a variant of obstructive coronary atherosclerosis. Exaggerated positive vascular remodeling due to inflammation, and chronic overstimulation of the endothelium by nitric oxide are potential causative mechanisms. The condition is associated with cardiovascular risk factors such as smoking and hypertension, while it appears to be inversely associated with age and diabetes mellitus. Patients with CAE typically present with angina, and are at risk for myocardial infarctions and sudden cardiac death due to slow flow, coronary vasospasm, dissection, and/or intracoronary thrombosis. CAE may be a diffuse disease associated with dilatation in other parts of the vasculature. As the incidence of this not so benign condition is expected to rise, the optimal treatment options remain undefined. Medical therapy with anticoagulants, nitrates and calcium channel blockers has been proposed and seems rational; however prospective studies with proof of efficacy are needed.
INTRODUCTION
Abnormal epicardial dilatation of the coronary arteries has been recognized for decades. The most widely used term for this condition now is "coronary artery ectasia". Coronary artery ectasia (CAE) is defined as an abnormal segmental or diffuse dilatation exceeding more than a third of the coronary artery length with the diameter of the ectatic segment measuring more than 1.5 times the diameter of a normal adjacent segment (1) (2) (3) . This definition may underestimate the true incidence of the disease, because the distribution of CAE is quite variable and not always focal, and the normal reference segments may not be easily identified (4) . However, the incidence of CAE reported in the literature may overestimate the true frequency in the general population, since the current gold standard for diagnosis is coronary angiography, and patients referred to coronary angiography are pre-selected (5). The incidence of CAE ranges from 1.2%-4.9% (1) . In the largest series from the CASS registry, Swaye et al (2) found CAE in 4.9% of more than 20000 coronary angiograms they reviewed. In an Indian cohort with ischemic heart disease, the incidence of CAE has been reported to exceed 10% (6) . CAE may overlap with coronary artery aneurysm, which is more focal and probably a manifestation of the similar pathologic process 7) . It is expected that with the increasing use of computed tomography angiograms more cases of coronary ectasia will be diagnosed in the future (7) . Although this abnormality has long been recognized, its etiology, clinical significance and prognosis are still poorly understood. Clinical presentations including ischemia and acute coronary events due to coronary spasm, dissection, slow flow, and thrombus formation are reported. The ideal treatment of this condition has not been established.
ETIOLOGY
The origin of CAE is considered to be congenital in about 10% -20% of the cases with the remainder being acquired (8) ( Table 1) . Congenital CAE is frequently associated with other cardiac abnormalities such as bicuspid aortic valve, aortic root dilatation, ventricular septal defect or pulmonary stenosis (9, 10). Additionally, association with cyanotic congenital heart disease has been recognized (9). Acquired CAE accounts for the majority of the cases and is most commonly attributed to atherosclerosis (11), with less frequent etiologies being inflammatory and connective tissue diseases such as scleroderma (12), Ehler-Danlos syndrome (13), systemic lupus erythematosus (14), Kawasaki disease (15), polyarteritis nodosa (16), bacterial infections (17), and cardiac lymphomas (18). Iatrogenic ectasia may result with interventional coronary procedures. Localized ectasia has been reported after angioplasty in about 5% of cases and particularly after extensive dissection (19, 20) . It has also been described following directional coronary atheroctomy (21, 22), and pulsed laser angioplasty (23). In a large study that included 792 lesions, the prevalence of coronary artery aneurysm following directional coronary atherectomy was low (2.7%) with a favorable long-term clinical outcome (24).
HISTOPATHOLOGY
The histopathologic examination of an atherosclerotic ectatic artery reveals thickened fibrotic intima with lipid deposition with foam cells and fibrous caps. There is a marked destruction and reduction of the medial elastic fibers with disruption of the internal elastic lamina, usually out of proportion to the degree of intimal involvement (8, (25) (26) (27) . The loss of musculoelastic arterial wall components of the coronary artery media in CAE is unrelated to the local atheromatous burden (27, 28). The functional loss of these components is the predominant pathology in CAE (8, 26, 28) and possibly results from chronic vascular inflammation. Markis et al. (26) have reported that if the media is intact and uninvolved, there was no evidence of ectasia. In the non-atherosclerotic forms of CAE, there is an intact vessel intima, but with extensive media degeneration (smooth muscle replacement by hyalinized collagen) (29, 30).
PATHOGENESIS AND CAUSATIVE MECHANISMS
The causative mechanisms of abnormal luminal dilation in CAE are unknown. Patients with CAE have decreased nitrate-mediated response of brachial artery compared to patients with coronary artery disease (CAD) alone, suggesting more severe dysfunction, or possibly greater destruction of the media layer in CAE than in CAD (31). Considering the similar histological findings, CAE is often viewed as a maladaptive process of atherosclerosis (11, 32). In fact, 'aneurysmal' and 'stenotic' coronary atherosclerosis may represent the extremes of a continuous pathological process (32).
Arterial remodeling reflects the dynamic changes of the external elastic membrane (EEM) over time (32). "Positive remodeling" describes an expansion in EEM area (33) that allows considerable plaque accumulation without luminal loss (32), and is observed in proliferative lesions in early CAD. Thus CAE can be regarded as a consequence of extensive positive remodeling (5) . The major precursor of vascular remodeling is probably tissue inflammation. This hypothesis is supported by several studies linking the presence of CAE with elevated inflammatory markers such as plasma interleukin-6 (34), plasma soluble adhesion molecules: V-CAM, I-CAM, and E-selectin (35), and C-reactive protein (CRP) (36, 37). Inflammation forms an important component of vascular aneurysm formation with extensive medial and adventitial inflammatory cell infiltration (38). Plasma neopterin, a marker of immune activation and macrophage activity (39, 40) is significantly higher in patients with isolated CAE. Kocaman and colleagues (41) found that patients with isolated CAE had increased total and differential leukocytic counts, supporting the view that increased inflammation and leukocytosis can lead to the coronary ectatic process without visible atherosclerosis, and that leucocytes may play a critical role in this condition. Another mechanism involves chronic over stimulation of the endothelium with excessive nitric oxide (NO) and NO donors leading to abnormal coronary dilatation (52). Inflammatory cell mediated NO production by iNOS results in high NO levels and toxic products that degrade elastin and disrupt the extracellular matrix (53) . Enhanced NO production has also been documented, via the iNOS pathway, following an increase in the local interstitial concentration of acetylcholine (54) . 'Clustering' of CAE has been observed in Vietnam veterans exposed to herbicidal Agent Orange (55) . The compound inhibits acetylcholinesterase, resulting in higher levels of acetylcholine and enhanced NO production. This suggests a possible link between NO over stimulation and medial thinning leading to CAE. Johanning et al. (56) have experimentally shown that NO production plays a major role in inflammation and aneurysm pathogenesis, and inhibition of NO limits aneurysmal dilatation of the aorta.
Manginas et al. (4) speculated that CAE occurs due to two different mechanisms in two distinct patient groups: 1. commonly in patients with concomitant CAD due to severe and chronic arterial inflammation and 2. subjects without coronary atherosclerosis as a result of exogenous interstitial NO vascular over stimulation ( Figure 1 ).
CORONARY ARTERY ECTASIA AS A GENERALIZED VASCULAR DISEASE
Coronary ectasia being a diffuse abnormality of the vessel wall rather than a localized disease of a single arterial segment has been proposed (57) . This view is consistent with studies describing a diffuse form of disease involving multiple vessels (8, 26, 28). Associations have been reported with peripheral, aortic and pulmonary ectasia or aneurysms (28, (58) (59) (60) (61) . In a retrospective cohort of patients undergoing vascular surgery, coronary ectasia were found in 20.8% with abdominal aortic aneurysm (AAA) and 2.9% with occlusive peripheral vascular disease (60) . An incidence of CAE up to 26% was found in patients with aneurysm of ascending aorta compared to 5% in age-matched control group (62) . The association of CAE with venous abnormalities suggested the possibility of a generalized defect of the entire vascular wall. CAE has been reported in association with varicosities of the coronary sinus and its tributaries (28), varicose veins (63) , and varicocele (64) . The overexpression of iNOS has been shown in varicose veins (65) , supporting the possible role of NO in the pathogenesis of CAE.
CARDIOVASCULAR RISK FACTORS
CAE has a strong male predominance (male: female=3:1) which may represent the higher incidence of AD in men (1, 8, 26, 66) . The role of systemic hypertension in the pathogenesis of CAE is akin to its association in patients with aneurysmal disease (2, 26) . Age has been shown to be inversely associated with incidence of CAE (66) . Similarly, (69, 70) . These observations coupled with low prevalence of diabetes noticed in patients with CAE (8, 27) are consistent with reported inverse association between CAE and diabetes mellitus (71, 72) . Likewise, increased prevalence of AAA has been reported in patients without diabetes mellitus (73, 74) . Diabetes is positively-associated with atherosclerosis and negatively-associated with CAE, a contradiction which suggests that CAE is not simply a variant of coronary atherosclerosis (5), but other factors are important in the pathogenesis. The association of dyslipidemia and smoking with CAE is less clear. Swaye et al. (2) found no clear difference in the incidence of smoking, lipid abnormalities, or a family history of CAD in patients with and without ectasia. Conversely, CAE was reported to be 6 times more frequent among patients with familial hypercholesterolemia than in control group, suggesting a link between abnormal lipoprotein metabolism and aneurysmal CAD (75) . Saglam and colleagues (37) also found that 27 of 51 patients with isolated CAE had plasma lipid abnormalities. The frequency of hyperlipidemia in patients with isolated CAE was similar to those with significant coronary stenosis. Pinar et al. (72) found smoking to be more common in patients with CAE than in those with CAD. Cocaine use was also found to be an independent predictor of CAE irrespective of smoking (76).
CLINICAL AND IMAGING FEATURES
Angina is the most common presenting complaint in patients with CAE (1, 26, 77) . The incidence of angina pectoris in patients with isolated CAE is similar to those with significant coronary artery stenosis with or without accompanying ectasia (3). Patients with CAE without stenosis had positive results during myocardial perfusion scintigraphic evaluation and treadmill exercise tests (37, 78). In patients with isolated CAE, the extent of the ectasia, diffuse ectasia and backflow-phenomenon in an ectatic left anterior descending artery were identified as the most important angiographic predictors of ischemia on exercise testing (79) .
Rare cases of ST-elevation myocardial infarction (MI) (80, 81) , non-ST elevation MI (82), ventricular arrhythmias, and sudden cardiac death (83) have been reported with CAE. In a retrospective study that included 3870 patients, Valente et al. (84) described the angiographic characteristics of patients with CAE, in relation to its clinical expression. Among 109 patients with ST elevation MI or acute coronary syndrome, one third had ectatic vessel related culprit lesions most commonly involving the right coronary artery. Two thirds had culprit lesions in a stenotic artery, with CAE presenting as an incidental finding in other vessels.
Coronary angiography is the gold standard for the assessment of CAE and concomitant CAD (4). CAE has been classified according to the anatomical shape of the ectatic segment into fusiform or saccular types (28). The term "coronary aneurysm" was used to describe more focal and saccular ectatic segments, while the term "ectasia" was reserved for the more diffuse fusiform vessel disease (26, 85). The most widely used classification is based on the extent of involvement of coronary arteries (26). In decreasing order of severity, diffuse ectasia of two or three vessels was classified as Type I, diffuse disease in one vessel and localized disease in another vessel as Type II, diffuse ectasia of one vessel only as Type III and localized or segmental ectasia as Type IV ( Table 2 ).
Any of the major epicardial vessels can be affected by CAE (3); the right coronary artery being the most commonly affected artery by ectasia, with an approximate prevalence of 60% (7). In patients with concomitant CAD, the proximal and mid segments of the right coronary artery are the most frequently involved (Figure 2) , followed by the left anterior descending artery and the circumflex artery (2, 3). About one-third of the stenotic lesions are located in the vessels affected by the ectatic process, while in twothirds being in the non-ectatic vessels (3). The right coronary artery is also the most commonly involved coronary artery in patients with isolated CAE ranging from 45% to 75% (2, 3, 28, 49, 86) (Figure 3) . The angiographic distinction between CAE and emptied plaque cavities or pseudo-aneurysms is of clinical importance as the latter may lead to acute coronary syndromes (87) . Intravascular ultrasound (IVUS) can correctly differentiate true from false aneurysms caused by plaque rupture (88) . Recently, non-invasive documentation of CAE has been demonstrated using multidetector computed tomographic angiography (89) and magnetic resonance imaging (90).
FLOW ALTERATIONS AND MYOCARDIAL ISCHEMIA
Angiographic signs of an impaired coronary blood flow in isolated CAE include delayed antegrade dye filling, a segmental back flow phenomenon (milking phenomenon) and local deposition of dye (stasis) in the dilated coronary segment (11, 26). A significantly lower myocardial blush grade on coronary angiograms is observed in patients with CAE suggesting a disturbed microvascular network (91). Slow flow has been demonstrated in CAE in several studies. A higher Thrombolysis In Myocardial Infarction (TIMI) frame count (TFC), which is an angiographic index of coronary flow velocity along the entire epicardial coronary artery is seen in both ectatic and non-ectatic arteries in patients with CAE indicating slower coronary flow rate (92, 93) . The slow flow phenomenon observed in apparently normal coronary arteries in patients with isolated CAE of the right coronary artery might be related to high microvascular resistance preceding the development of CAE in these arteries (93) . Patients with CAE had a trend to a lower resting blood flow velocity, compared to a control group using a doppler wire (Flow-wire) (77) . Following intracoronary administration of papaverine, a potent hyperemic stimulant, the coronary flow reserve is significantly lower (1.51) in the CAE compared with the control arteries (2.67), suggesting a combination of epicardial flow disturbances and microvascular dysfunction as the cause of myocardial ischemia. The presence of coexisting stenosis and the severity of ectasia did not alter the TFC in patients with CAE (94) . However, a positive correlation between ectasia size and ectasia ratio (the diameter of the ectatic segment/the diameter of an adjacent normal segment) with the TFC of the ectatic right coronary arteries is reported. Observing a slow blood flow rate in an ectatic vessel may be due to the conversion from a laminar to turbulent coronary flow in the ectatic segments (95) .
Spasm of the ectatic arteries may be another possible mechanism for myocardial ischemia (7) . Contrary to the notion, ectatic coronary segments have been shown to undergo intense coronary spasm in response to exogenous administration to vasoactive medications such as ergonovine and acetylcholine. Spasm may occur within the ectatic or adjacent segments (96, 97) .
Spontaneous dissection and intracoronary thrombosis have been reported in patients with CAE (82, (98) (99) (100) . Intracoronary thrombosis within the ectatic segment and distal embolization of this thrombotic material is a plausible mechanism of myocardial ischemia/infarction in patients with isolated CAE (30, 100, 101). Patients with isolated CAE have elevated levels of plasma P-selectin, transforming growth factor-β and platelet factor-4 compared to controls with angiographically normal coronary arteries, suggesting increased platelet activation in patients with CAE (102). Decreased coronary blood flow velocity and alteration of laminar to turbulent coronary flow in the dilated segment may increase platelet activity in patients with isolated CAE. Increased platelet activity contributes to the development of intracoronary thrombus within the ectatic segment and distal micro embolization (102) .
PROGNOSIS
Large prospective studies are needed to accurately assess the outcome and long-term prognosis in patients with CAE. However, the current body of knowledge suggests that the long-term outcome of patients with CAE is directly related to the severity of the coexisting obstructive coronary lesions. CAE may not confer a significant additional risk than the coexisting coronary stenosis (1-3, 26 ). In the CASS registry, the presence of CAE has no effect on the adjusted 5-year survival of patients with CAD, and the mortality is reported to be approximately 2% per year (2) . MI is present in one third of patients with isolated CAE (with no or nonsignificant coronary stenosis) in the corresponding myocardial territory. The overall cardiac event rate in this group is low with comparable 2-year survival in patients with and without CAE (96.7% vs. 94.8% (3).
TREATMENT
The medical management of patients with CAE is not well established. No randomized controlled trial has been performed to assess the efficacy of any particular therapy. As the outcome is determined by coexistent obstructive CAD, risk factor modification for primary and secondary prevention is necessary in all patients with CAE (4).
Medical therapy
Most patients with CAE have associated obstructive coronary lesions or the risk factors for CAD. Patients with isolated coronary ectasia have a risk of myocardial infarction due to micro emboli and thrombotic occlusion (30). As a consequence, aspirin should be administered to all patients with CAE (2,101). The role of combined antiplatelet therapy, with the addition of thieopyridine is uncertain (4). Perlman and Ridgeway (103) propose long-term warfarin therapy in patients with CAE. Prophylactic warfarin is proposed as a therapeutic strategy in reducing the thrombosis resulting from flow alterations within the ectatic segments (8, 104, 105) . However, there is no randomized study to demonstrate its impact on clinical outcome. Statins and angiotensin-converting enzyme inhibitors decrease the plasma hs-CRP levels in patients with CAE (106) . Combination treatment with angiotensin-converting enzyme inhibitors and statins may be effective for isolated CAE and should be considered with the aim to suppress inflammation and prevent thrombosis (41).
Nitrates may exacerbate myocardial ischemia by causing additional coronary epicardial dilatation, and are routinely not recommended in patients with isolated CAE (11). Whenever nitrates are used, it is advised to provide nitrate-free "holiday" to prevent chronic exposure (52). It is also thought that the beta-blockers may augment vasospasm via unopposed alpha receptor stimulation. On the contrary, other authors suggested that the use of beta-blockers in patients with CAE may be theoretically beneficial due to their negative chronotropic effect and reduction in myocardial oxygen consumption (11, 107). Sorrell et al. (52) proposed optimal therapeutic regimen including: (1) warfarin anticoagulation with target INR approx. 2.0 -2.5, (2) antiplatelet therapy with aspirin, (3) antispasm therapy with calcium-channel blockers.
Role of revascularization
Percutaneous and surgical coronary revascularization has been successful in patients with coexisting obstructive lesions and symptoms or signs of significant ischemia despite maximal medical therapy (4). Proximal and distal ligation, aneurysmectomy and aneurysm resection have good post-operative outcome (108, 109) . There is no difference in the procedural success, complications or restenosis following angioplasty of stenotic lesions with or without adjacent aneurysmal CAD (110) . Autologous venous graftcovered stent is a valuable approach in selected cases to seal the coronary artery aneurysm (111) . Biliary, sirulimus-eluting, and recently carotid stents have been used to intervene on the stenotic ectatic coronary arteries (112) (113) (114) . However, there are no evidence-based guidelines for the management of stenotic lesions associated with CAE. In the presence of CAE, special attention should be paid for adequate stent expansion and wall apposition which at times can be accomplished only with IVUS. In addition, extra care is important during introduction and withdrawal of the device, in order to avoid stent dislocation (4).
CONCLUSION
CAE is seen in about 5% of cases undergoing coronary angiography. It is usually associated with obstructive CAD, and may be considered as an expression of atherosclerosis. Pathologic mechanisms include inflammation with exaggerated positive vascular remodeling and over stimulation of the endothelium by NO. The inappropriate coronary dilatation leads to flow disturbance. The most frequent presentation of patients with CAE is angina with the attendant risk for cardiovascular events including myocardial infarction and even sudden death. Slow flow, micro embolism, thrombosis, spasm, spontaneous dissection and increased platelet activation are potential causes for development of myocardial ischemia in CAE. CAE may be a diffuse systemic disease involving arteries as well as veins. The prognosis is determined mainly by the severity of the coexisting obstructive CAD. Currently, there are no guidelines for treatment of CAE. The use of anticoagulants, nitrates and beta blockers is controversial. Surgical and percutaneous revascularization techniques have been demonstrated to be feasible alternatives for revascularization. Large prospective studies are needed to evaluate the efficacy, risks and benefits of the different treatment modalities. 
